Introduction
It is now well known that aqueous foams can be stabilized solely by partially hydrophobic particles of nano-or micrometer size [1] [2] [3] [4] [5] . They are the analogue of Pickering emulsions [6, 7] , which were discovered at the beginning of the 20 th century. In order to stabilize foams or emulsions, the particles should adsorb at the air-water or oil-water interfaces, which implies that the contact angle θ of the particles with the interface, measured into water, should be neither zero (very hydrophilic particles) nor 180° (very hydrophobic particles), see Figure 1 (a):
indeed, the adsorption energy W is :
assuming spherical particles of radius R, γ being the air-water or oil-water interfacial tension.
The positive sign in brackets corresponds to θ < 90°, the negative sign to θ > 90°. As soon as θ is slightly above 0 or below 180°, W is large, well above the thermal energy k B T, and adsorption is not only favoured but irreversible. W is maximum for θ = 90° and of order 10 3 k B T for particles with radius of about 10 nm and γ ~ 40 mN/m. It is not easy to measure contact angles, especially for particles of nanometre size. Commonly used techniques include: compression of the particles into a flat plate and observations of deposited water drops [8] , colloidal probe AFM [9] , film trapping [10] , gel trapping [11] and a film calliper method [12] . Figure 1(b) shows measurements of the contact angle of a water drop in air on plates obtained by compaction of fumed silica particles made increasingly hydrophobic by a silanisation treatment [8] . The contact angle increases with an increasing degree of silanization. It has been shown recently that ellipsometry allows in situ measurements of adsorbed particles [13] and leads to similar values of θ to those in ref. 8 .
Binks and Horozov [2] studied the foamability and stability of aqueous dispersions of fumed silica particles with variable hydrophobicity and showed that foams prepared with particles possessing intermediate hydrophobicity (i.e. the largest adsorption energy) were the most stable. The stability of particle-stabilised foams against the main ageing mechanisms, bubble coalescence (rupture of thin films) and disproportionation (transfer of gas between bubbles owing to difference in Laplace pressure) is due to a "colloidal armour" coating every bubble.
This armour has been observed in many experiments, on single bubbles [14, 15] or on three-dimensional foams [1, 3, 5] .
Convenient models for those armoured bubbles are particle monolayers, either adsorbed or deposited at the flat air-water interface. Although the layer properties depend upon the preparation method, it has been shown that the layers deposited on a clean water surface without being subsequently compressed are similar to the layers adsorbed from the particle dispersions used to generate the foams [13] . In this paper, we extend the previous study of deposited layers of the particles that give the most stable foams (θ ~ 90°) [16] , investigating particles exhibiting both larger and smaller contact angles.
Materials and methods

Materials
The silica particles were kindly provided by Wacker-Chemie (Germany) and were used as received. The surfaces of the particles were modified by reaction of the surface silanol groups with dichlorodimethylsilane. In this study, we used particles with a relative SiOH content x of 20, 34, 51, 62, 78 and 100%, in which the hydrophobicity increases with decreasing SiOH content. The primary particles are nearly spherical and of approximately 20 nm in diameter.
The dispersions were prepared by adding amorphous fumed silica powder into isopropyl alcohol to a final concentration of 1 g/L and applying sonication for 30 min. We used an ultrasonic probe (Ultrasonic Processor) operating at 20 kHz with an amplitude of 45% of the maximum in order to have a stable dispersion and to avoid the formation of particle aggregates. The hydrodynamic radius R h of the particles in the dispersion has been measured by dynamic light scattering [13] . Upon increasing x, R h decreases from 87 nm to 72 nm. The particles were found fairly monodisperse, the polydispersity index being between 0.11 and 0.21. The dispersions were re-sonicated for 10 min. just before each experiment.
Water used in the experiments was from a Millipore-Q instrument (resistivity = 18 MΩ cm).
All the experiments were performed at room temperature (~ 22 ºC). The particle dispersion was spread onto the air-water interface drop by drop from a microlitre syringe.
Langmuir trough
The surface pressure-surface concentration (Π-Γ) isotherms were recorded on a Nima 601BAM trough with total area A = 500 cm 2 . The barrier speed, dA/dt, can be accurately controlled in the experiments. Two Wilhelmy plates oriented parallel and perpendicular to the barrier orientation measure the surface pressure in both directions [16] 
Successive deposition method
. They were positioned in the middle of the trough at a distance ca. 2 cm from the borders. The Langmuir trough was cleaned with ethanol and pure water before each experiment and by acetic acid if the type of particles was changed. Before spreading the particles, the surface of pure water was compressed and it was checked that the final surface pressure did not exceed 0.3 mN/m, ensuring the absence of contamination. After spreading a certain volume of particle dispersion onto the water surface with a micro-syringe, we waited for 30 min. to allow the solvent to evaporate. During each experiment, the two barriers moved simultaneously and the speed was kept constant. Two compression speeds were used, 7 and 25 cm 2 /min.
Measurements were carried out in the Langmuir trough without compression (keeping the barriers fixed, the effective area being 180 cm 2 ) and in a homemade circular teflon trough, in order to study the monolayer properties under extremely small compression rates, i.e. to approach the equilibrium state. The surface tension in the circular trough was monitored by a single Wilhelmy plate, positioned at the center of the trough. In all these experiments, the area successive addition of small volumes of particle dispersion. Before spreading the dispersion on the surface, the surface tension of pure water was measured: a value of 72.5 mN/m ensures the purity of the water and the cleanliness of the trough. When the particle dispersion was spread onto the surface, the surface pressure first increased, then slowly decayed, due to relaxation processes in the monolayer. The values of the surface pressure obtained 100 min.
after spreading the dispersion did not change further (within experimental accuracy, ~ 0.1 mN/m) during a few hours and were assumed to correspond to equilibrium. Note however that a decrease of the order of 1-2 mN/m was still seen over much longer time scales (~ day).
Interfacial shear rheometer
The shear measurements were performed with a rheometer (Anton Paar Physica MCR 301) with an embedded interfacial rheology system (IRS). The interfacial rheology cell is based on a bicone geometry [17] . The interfacial shear moduli and viscosity were determined after subtraction of the contribution of the bulk water using the instrument software. In each experiment, the particle dispersion was spread onto the air-water interface in the cell. The bicone was positioned after 30 min. in order to allow for evaporation of the alcohol.
Brewster angle microscopy
During the compression-expansion cycles, the particle monolayer texture was observed with a Brewster Angle Microscope (MiniBAM, NFT-Nanofilm Technology, Göttingen). The BAM is equipped with a high-power visible laser diode (wavelength 688 nm), a polarizer and an analyzer. The images taken at the Brewster angle of 53.1° were recorded by means of a video recorder. In the images, white parts signify the domains covered by particles while dark parts are the bare water surface.
Results and Discussion
Textural evolution
During continuous compression, the particle layers evolve from isolated islands (inhomogeneous layer) to homogeneous layers and finally to bucked layers [16] . These [18] . Fractures are generated during expansion and are slowly healed by compression, also in line with earlier studies [18, 19] . Figure 2 . The shape and size of the domains covered by particles is influenced by their hydrophobicity. The more hydrophobic particles (20, 34 and 51% SiOH) tend to cluster more and to form compact domains, whereas the more hydrophilic particles (78% SiOH) form cloud-like aggregates. The images for the most hydrophilic particles (with 100% SiOH) are similar, but the domains break and disperse into the bulk water in the timescale of seconds. Upon increasing Γ, the layers become homogeneous. It is worth noting that the surface concentration needed to fully cover the surface is the smallest for particles of intermediate hydrophobicity (34% SiOH). These features are common to compressed and deposited layers. With further deposition, some thicker regions are observed ( Figure 3 ), but at the difference of layers compressed with barriers, no buckling is seen.
Surface pressure isotherms
Anisotropic effect
The variation of the surface pressure with surface coverage was monitored by two orthogonal
Wilhelmy plates during three compression-expansion cycles. Figure 4 (a) illustrates the variation of Π∥ with surface concentration Γ, called the "pressure isotherm". The difference Figure 4 (b). ∆Π is non-zero at large Γ, revealing the existence of a finite shear modulus and the fact that the monolayers are out of equilibrium [16, [20] [21] [22] .
In order to check for the reproducibility of the isotherms, each experiment was repeated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The isotherms strongly depend on the hydrophobicity of the particles. The closer x is to 34%, the higher the surface pressure and the difference ΔΠ. The optimum contact angle of 90° leading to the highest adsorption energy corresponds rather to x ~ 50% according to Figure   1 (b). However, it is possible that the method of measurement used in ref. 8 
introduces artifacts
and shifts along the x-axis of the curve. The accuracy of the direct ellipsometry measurements is unfortunately not sufficient to confirm the shift.
History dependence
Surface pressure isotherms were measured at two different barrier speeds: 7 and 25 cm 2 /min.
and are compared in Figure 5 : Π decreases slightly with decreasing barrier speed. The difference confirms that continuous compression produces monolayers out of equilibrium. It also reveals that a long period of time is needed to reach equilibrium. The behavior observed is similar for the different particles.
In order to approach better the equilibrium state of the particle monolayer, successive particle deposition experiments were carried out. The surface pressures of the deposited layer are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These latter measurements can be regarded as compression of the monolayer at extremely low speed. The surface pressures should therefore be closer to equilibrium values. When Γ is small, Π∥ and Π⊥ in the Langmuir trough and Π in the circular trough are very close to each other. This is because the monolayer is not dense and the relaxation time is short. At large Γ, the differences between Π∥ and Π⊥ become large revealing that the existence of a shear modulus. The differences between compressed and deposited layers suggest that the deposited layers are less compact and that compression has a consolidating effect, as in 3D granular media [23] . Deposited layers also show unexpected anisotropic effects (squares, Figure 5 ) :
spreading possibly leads to an inhomogeneous layer and internal stresses are still present. In the first compression-expansion cycle, hysteresis has been found depending on whether the particles are hydrophobic or hydrophilic. This behavior is influenced by the particle hydrophobicity. Figure 6 illustrates two different types of hysteresis behavior. [24] [25] [26] [27] [28] . In the case of the silica nanoparticle monolayers, the main reason for the hysteresis may be the irreversible compaction of particles, as observed by BAM for the more hydrophobic particle layers and the loss of particles into bulk water for the more hydrophilic ones.
Hysteresis
Initial particle spreading amount
Different quantities of particles, 0.6 and 1.2 mg, were spread in the Langmuir trough (500 cm 2 ), i.e. the initial surface concentration Γ 0 was 12 and 24 mg/m 2 respectively. The Π-Γ isotherms for 20% and 34% SiOH particle layers are shown in Figure 7 (a) and (b)
respectively. Π-Γ isotherms for 20% SiOH particle layer, (b) Π-Γ isotherms for 34% SiOH particle layer.
The Π-Γ isotherms are strongly influenced by the initial surface particle concentration. The higher the initial Γ 0 , the lower the surface pressure at large area, although the surface pressure at the end of compression is the same. The pressures at which buckling emerges decrease significantly with increasing Γ 0 . These tendencies are consistent with the behavior of the deposited layers (uncompressed), which correspond to the largest particle quantity for a given concentration Γ. Similar initial particle quantity dependences were observed in other particle layers, possibly due to the existence of surface pressure gradients and non-homogeneous spreading which create defects in the layer [24] . The greater the amount of particles spread on the air-water interface, the larger the number of defects before compression. A recent paper also reported an effect of the amount spread on surface pressure, which was attributed to two-dimensional granular effects [29] . It is however unlikely that a similar interpretation could explain our observations, since the particles are not in close contact in the layers studied here, and granular friction is absent.
Effect of trough length
The surface pressure decreases when the length L of the trough increases, keeping the linear velocity of the barrier V constant (see Figure 8) , as also reported in [29] . 
Mechanical properties
Compression modulus -compressed and deposited layers
We determined the shear elastic modulus G of the layers using two orthogonal plates : G = Γ/2 ∂(Π∥ − Π ⊥ )/∂Γ as explained in a previous paper [16] . In this paper, we showed that the shear rate is not well defined in this method and since G depends appreciably on shear rate, no reliable data can be obtained. The compression elastic modulus E however should not be affected. This modulus can be obtained as: E = Γ/2 ∂(Π∥ + Π ⊥ )/∂Γ [16] . The experiments were performed for particles of different hydrophobicities and for both compressed and Figure 9 .
We observe an important dependence on the particle hydrophobicity, E being the largest for x ~ 34%, the particles leading to the most stable foams. The results for compressed layers are qualitatively similar to those of ref. 18 although the values are somewhat different due to the fact that in this former work, only compressed layers were studied and one plate was used (E was calculated as E = Γ ∂Π/∂Γ). Figure 9 . Maximum compression modulus as a function of particle hydrophobicity for compressed and deposited layers.
Shear properties
The shear properties of the deposited particle layers have also been studied using a shear rheometer. Note that it is not possible to install barriers and to study compressed layers in the rheometer used. We performed strain amplitude sweeps (with Γ fixed at 50 mg/m 2 , which corresponds to the maximum surface pressure on most layers), during which the strain γ 0 was varied from 0.01 to 20% while the frequency was fixed at 2 Hz. The G′ and G′′ define both parameters curves for different particle hydrophobicities are plotted in Figure 10 .
The inset in Figure 10 (a) shows a typical curve of G′ and G′′ versus γ 0 . The strain γ Μ at which G′ = G′′ indicates the onset of fluidization of the surface layer, and is defined as the melting strain of the layer. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Variation of (a) G′ and (b) G″ with strain γ 0 for different particle layers of varying hydrophobicity. The inset shows both G′ and G″ versus γ 0 for 20% SiOH particles. Frequency is 2Hz. Figure 11 shows the interfacial shear stress σ i during amplitude sweeps. Interfacial stress σ i during amplitude sweep for different particle layers (Γ = 50 mg/m 2 ).
In the small γ 0 region, σ i increases linearly, then decreases above a sufficiently large deformation which is called the yield stress γ Y . Frequency is 2Hz.
We mentioned in §3.1 that the particle layer can self heal upon re-compression. The elastic shear modulus G′ can similarly recover rapidly when the stress is released and the layers undergo a slow rejuvenation [19] . Figure 12 shows the time recovery of G′ normalized by its initial value, i.e. G′ R = G′/G′ 0 . For Г = 50 mg/m 2 , G' R (0) = 0.89, 0.76, 0.70 and 0.45 for 20%, 34%, 51% and 62% SiOH particle layers, respectively. One can see that the less dense layers heal faster as well as the more hydrophobic particle layers. The healing dynamics of different particle layers. In order to avoid further fracturation of the layer, a small amplitude is used (γ 0 = 0.01%). Frequency is 2Hz.
From Figure 4 (b), ∆Π for layers of 34% SiOH particles is the largest indicating it has the largest resistance to shear deformation. This is confirmed by the shear rheometer study, as shown in Figure 13 (a). The yield strain γ Y and melting strain γ M obtained by shear rheology are illustrated in Figure   13 (b). Both present a maximum at intermediate SiOH content. For particles of 34% SiOH, the yield strain γ Y is quite high at 5%, much higher than that of < 1% for silver nanoparticles adsorbed at an oil-water interface [30] . However, it is close to that of monolayers of insoluble surfactants and proteins [31, 32] . Note that the shear moduli measured here are much larger than those of ref. 18 in which a different rheometer was used, which did not give access to large G values and where measurements could only be performed at low Γ.
Conclusions
The work presented in this paper highlights the important role of the particle hydrophobicity, or equivalently the contact angle, in the properties of the monolayers that they form at the air-water interface. Although the behavior of the monolayers is qualitatively similar, important quantitative differences were measured.
The surface pressure measurements are consistent with the earlier ones on compressed layers of ref. 18 . In particular, the phenomena of hysteresis, self healing and slow self healing have been observed for particles of all hydrophobicity as well. The surface domains are denser for particles of higher hydrophobicity. Buckling has also been observed but only for compressed layers; deposited layers rather form domains of larger thickness at high concentration. The surface pressure of the deposited layers is always smaller than that of compressed layers revealing that the degree of compaction of the particles is lower.
In order to better account for non-equilibrium effects, we have used two perpendicular Wilhelmy plates and observed a strong surface pressure anisotropy for all particles, which reflects the existence of finite shear moduli. Compression can generate a non-equilibrium configuration of the layer, which relaxes afterwards. The relaxation processes are extremely long, with times of the order of hours. They account for the puzzling roles of compression velocity, through trough length and amount of spread particles. Successively deposited layers appear to be closer to equilibrium.
The compression properties depend on the particle contact angle between air and water. The maximum compression elastic moduli E max of both compressed layers and deposited layers is maximum around θ = 90°. The results are consistent with the fact that the foamability and foam stability of aqueous foams made with the same particles possessing 34% SiOH are the highest compared to those made with particles of other hydrophobicities. Indeed high elastic compression moduli slow down (eventually suppressing) coarsening [33] and coalescence [34] . Answer to referee 1.
We thank the referee for his (her) helpful comments. Here are answers to the points raised :
1) On page 4, section 2.2, authors should say where the Wilhelmy plates were positioned in the layer. I suppose they were near the sides (how close ?), and along the center of the trough, but this is not specified.
They were positioned in the middle of the trough at a distance ca. 2 cm from the borders.
(the width of trough is 7 cm and the width of a Wilhelmy plate is ca. 1cm). This was added in the text. One reference was added.
2) At the end of 2.2, please specify the value (or range) of compression speeds in the work.
Two barrier speeds: 7cm 2 /min or 25cm 2 /min were used. This was added in the text.
3) Beginning of 2.3, please clarify the position of the fixed barriers (fully open ?) in the successive deposition method. The geometry (aspect ratio) of the trough may be relevant.
Yes, the barriers were not fully opened. The effective area of the trough is 180 cm2. This was added in the text.
4)
End of 2.3. Is the reported decrease of the pressure the effect normally observed because of evaporation of the subphase, or is the trough filling level controlled ? Only in the latter case I think it may be a real effect due to the particle layer.
We are not sure about the real reason behind the decrease of pressure. But possibly part of it is due to evaporation of the subphase since it cannot be completely prevented in the experiment. The spread amount is 0.6mg, the fully open area is 500cm 2 . The latter was added in the caption 6) Section 3.2.1 the perpendicular and parallel pressure symbols should be defined better, either by reference to one of the previous papers, or by having a small diagram (which would also address point 1).
The captions were modified accordingly. Figure 5 , I would recommend moving the legend information currently on the plots to the caption, since this is the same information for all 4 panels. The caption information of SiOH percentage should go on the panels. This would help the reader in understanding more promptly the significance of the 4 panels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This was corrected 8) Section 3.2.4 reports the effect seen when spreading different amounts of material. The isotherms do not overlap when plotted as a function of surface concentration, and the measured bucking pressure falls when more material is spread. This is the same effect measured in ref [29] , where in fact the trend of buckling pressure versus the bucking area showed a linear dependence. The authors may want to plot their data of bucking pressure obtained from Fig 7,  in this way. In any case, reference should be made to [29] for this effect.
7)
We do not have enough data to test the surface concentration dependence, but we know that the interpretation of ref 29 could not be valid in our case, since the surface coverage by particles at the buckling concentration is here only about 20%. 9) Reference [29] is currently cited in 3.2.5. In this section, the influence of compression speed on the measured pressure is mentioned. However, in this paper at least, the authors have not tested the effect of changing compression speed with the same trough geometry. So I find this section a little confusing. Either: (a) the authors test that changing compression rate by a factor of 5 (independently of geometry) affects buckling pressure a lot, as implied in the current text; then this system is different from the one in ref [29] ; or (b) the authors find that compression rate is not an important factor; then this sample is the same as ref [29] , and the boundary condition effect described in [29] should be taken as a guide to describe the data of fig 7 and fig 8. The troughs have the same width, this was added in the text; the data can be therefore compared without problem with the results of ref 29. 10) It would be useful to remind the reader in the figure captions that the experiments in Fig.10 and Fig.11 are done at 2Hz. This was done. Fig.12 should be expanded slightly (or in the main text) to describe better the experimental conditions during the "healing" measurement: strain amplitude, frequency, etc.
11) Caption of
to avoid fracturation of the layer,the strain amplitude is very small(0.01%), the frequency is 2 Hz. This was added 12) In Figure 13 , the guides to the eye should be removed.
This was done.
13)
In acknowledgements, I believe the authors are thanking A. Maestro Martin.
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